We report a pulsed wavelength-agile laser near 765 nm, which was frequency doubled from an erbium-doped fiber amplifier for oxygen A-band spectroscopy. A single frequency distributed feedback laser around 1529.6 nm was employed as the seed. After three stages of amplification, its average power was boosted to 610 mW and was then frequency doubled via a 15-mm-long MgO:PPLN crystal with the highest conversion efficiency of 34%. Thanks to the short crystal length expanding the acceptance bandwidth, a power difference of only 36% for the second harmonic output was achieved within the whole wavelength tuning range benefitting low-noise remote sensing. The measured oxygen transmission spectra using a 0.5-meter-long gas cell with multiple passes were mostly in good agreement with the calculations from HITRAN 2012 database indicating the capability of our laser for oxygen A-band related remote sensing.
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Laser emission around 765 nm, covering the oxygen A-band, is an attractive source enabling remote sensing applications for various atmospheric parameters including pressure [1] , temperature profile [2] , and optical depth [3] , to name a few. Generally, there are three major approaches to the generation of 765 nm emission, namely, frequency doubled erbium-doped fiber amplifiers (EDFAs) [4] - [6] , green-pumped optical parametric oscillators (OPOs) [7] , and alexandrite lasers [8] . Among all three methods, the frequency doubled EDFA outstands its counterparts owing to its compactness, robustness, high stability, and good beam quality, inherited from fiber amplifier [9] and/or cavity-free configuration [10] . Although an efficiency of 75% has been achieved in a frequency doubled pulsed EDFA [11] , its pulse width was optimized to be ∼5 ns in order to increase the peak power as well as the stimulated Brillouin scattering (SBS) threshold. However, the short pulse width in time domain led to the broad linewidth in frequency domain and a linewidth of ∼300 MHz was measured for the fundamental wave making it unsuitable for precise oxygen A-band spectroscopy because the laser linewidth should be at least two orders of magnitude smaller than the absorption linewidth so as to obtain precise measurement in the spectral domain [4] . The linewidths for the major absorption peaks in oxygen A-band are ∼3 GHz under the condition of 1 atm and 298 K, which requires the laser linewidth to be tens of MHz or less. For the sake of precision, numerous efforts have been devoted to the development of frequency doubled EDFAs with long pulse durations to intrinsically reduce the laser linewidths. Nevertheless, the maximal available peak powers of the fundamental waves dropped significantly because the pulsed EDFAs were no longer working in the SBS-free regime. Consequently, comparatively long nonlinear crystals with length over 20 mm were employed in these systems to redeem the decrease in conversion efficiency caused by the reduction in the peak power of the fundamental wave [4] - [6] . Although longer crystal can improve the conversion efficiency to some extent, it also narrows the acceptance bandwidths for the fundamental wave [12] . As a result, the doubling efficiency may vary dramatically when the second harmonic (SH) wavelength is swept so as to cover the peaks and valleys within the oxygen absorption band. Especially when the fundamental wavelength tuning range exceeded the acceptance bandwidth for the nonlinear crystal, the power difference for the produced SH wave would reach a maximal value of over 50% in the whole tuning range. As a consequence, the measured signals at the wavelength with the lowest peak power would lose at least one digit in dynamic range from the analog-to-digital convertor (ADC). Such a loss would inevitably deteriorate the signal-to-noise ratio (SNR) and thus sacrifice the system performance. Clearly, frequency doubling of an EDFA with short nonlinear crystal expanding its acceptance bandwidth would be favorable to oxygen spectroscopy, particularly if high doubling efficiency could still be maintained within the whole tuning range. Unfortunately, frequency doubling of a wavelengthagile laser with long pulse duration and short nonlinear crystal has rarely been investigated so far. Reports on the spectral-temporal behavior of a pulsed wavelength-agile laser for oxygen A-band spectroscopy are also inadequate.
Herein, we report a pulsed wavelength-agile laser tunable from 764.51 to 764.76 nm covering two major absorption peaks in oxygen A-band for precise spectroscopy. The fundamental wave laser was a three-stage EDFA seeded by a single frequency distributed feedback (DFB) semiconductor laser. The DFB seed was driven with symmetrical triangle waves at 10 Hz and externally chopped into Gaussian pulses by a fiberized acousto-optic modulator (AOM) with 10-kHz repetition rate to form the wavelength-agile pulse train. Its average power was then boosted to 610 mW with linewidth of ∼4.03 MHz by the EDFA chain. The fundamental wave was frequency doubled by a 15-mm-long MgO:PPLN crystal with the highest and lowest conversion efficiency of 34% and 22%, respectively, in the whole wavelength tuning range. Preliminary spectral-temporal experiments using a 0.5-meter-long multi-pass oxygen gas cell with total path length of 20 m at different pressures and oxygen concentrations were carried out and the results were mostly in good agreement with the calculated spectra according to high-resolution transmission molecular absorption database (HITRAN) released in 2012 [13] . We believe that such a compact wavelength-agile source with good pulse energy flatness and fine spectral-temporal resolution is of great value to practical ground-based as well as airborne remote sensing applications.
Experimental Setups
The scheme of the pulsed wavelength-agile laser and its spectral-temporal experimental system was depicted in Fig. 1 . A fiberized DFB laser diode (Fitel Inc.) around 1529.6 nm with maximal output power of 40 mW and linewidth less than 1 MHz was employed as the seed of the EDFA chain for frequency doubling. The seed laser was spliced to a fiberized 20-dB coupler, whose 99% port was connected to an AOM while the other port was directed to a wavelength meter (WS-6, HighFinesse) for coarse wavelength monitoring. Two arbitrary waveform generators (AWGs) producing symmetrical triangle waveform at 10 Hz and Gaussian waveform with duration of 570 ns at 10 kHz were synchronized by a personal computer (PC) to drive the DFB laser and the AOM, respectively, forming the wavelength-agile pulse sequence. Owing to the small duty cycle and large insertion loss of the AOM, the average powers were reduced to 8 µW and 21.8 µW at the drive currents of 70 mA and 170 mA for the DFB laser, respectively. The measured optical pulse width was ∼450 ns due to the time delay in the build-up phase of the acoustic wave. The modulated seed laser was then connected to a polarization maintaining (PM) EDFA chain consisting of one core-pumped stage and two cladding-pumped stages with forward pumping configuration. The active fiber for the core-pumped stage was ∼1 m long with core diameter of 7 µm (PM-ESF-7/125, Nufern) and was pumped by a butterflied single-mode laser diode at 974 nm (LC96A74P-20R, II-VI). The active fibers for the succeeding cladding-pumped stages were both ∼0.7 m long with core diameters of 10 µm (DCF-EY-10/128-PM, Coractive) and were pumped by wavelength stabilized multi-mode laser diodes at 976 nm (K976A02RN-9.00W, BWT). The lengths of the gain fibers employed in the cladding-pumped stages were reduced deliberately so as to blue-shift the gain peak of the active dopant while increase the SBS threshold. And the estimated SBS threshold was ∼175 W for the third stage according to the typical parameters for fused-silica fibers [14] . In order to mitigate the threat of SBS effect in the beam delivery fiber, the core diameter of the beam delivery fiber was selected to be 20 µm. Fiber isolators and band-pass filters (BPF) with 3-dB bandwidths of 4 nm centered at 1528 nm were inserted between adjacent stages to protect each fiber amplifier from possible damage caused by amplified spontaneous emission (ASE) or back-scattered light.
The output laser beam of the final stage was expanded to a diameter of ∼1.5 mm by a fiberized collimator. Its polarization direction was aligned vertical by carefully rotating the collimator so as to make the best use of its output power for frequency doubling. The expanded laser beam was then focused to ∼65 µm by a plano-convex lens (L1) with 50 mm focal length. A MgO:PPLN crystal (HCP Corp.) mounted in a temperature controllable oven with resolution of 0.1
• C was employed as the nonlinear converter. The crystal was 15(L)× 12(W)× 1(T) mm 3 in dimension consisting of 10 equally spaced channels with different uniform grating periods ranging from 18.2 to 20.9 µm. Both end surfaces of the crystal were finely polished and coated with anti-reflective thin films covering 765 nm and 1529 nm band. The position of the crystal was carefully adjusted laterally and longitudinally to locate the fundamental beam waist at the center of the channel with grating period of 18.5 µm. The generated SH wave was separated from the fundamental wave by a dichroic mirror (DM) after the MgO:PPLN crystal. Another lens (L2) with 125 mm focal length was placed after the nonlinear crystal to collimate the diverged SH wave. A beam splitter (BS) was inserted after the L2 to sample 0.5% of the SH wave for energy monitoring. The major part of the SH wave was directed into a 0.5-meter-long multi-pass oxygen gas cell with total path length of 20 m under the help of two silver mirrors (M1 and M2) for preliminary spectral-temporal experiments at oxygen A-band.
It is worth mentioning that the crystal length is a crucial parameter in such a frequency doubling system and its impacts are two-fold. First of all, it would affect the acceptance bandwidth for the fundamental wave. Their relationship can be derived from the method outlined by Fejer et al. [12] and the calculated acceptance bandwidths for different crystal lengths at 1530 nm band were plotted in Fig. 2 . The acceptance bandwidth was larger than 1 nm for a 10-mm-long crystal and this value decreased gradually to less than 0.3 nm when the crystal length was increased to 40 mm. Indeed, the acceptance bandwidth has set the upper-bound of the crystal length and crystals with lengths shorter than 20 mm should be employed for a wavelength-agile laser with at least 0.5 nm tuning range for the fundamental wave. On the other hand, longer crystal should be beneficial to the doubling efficiency, especially when the fundamental peak power was moderate. In order to obtain an acceptance bandwidth of larger than 0.5 nm while maintaining sufficient doubling efficiency, the crystal length was selected to be 15 mm in our system as a compromise between the aforementioned two major factors.
Results and Discussions
In order to scale the doubling efficiency of the designed system, the incident fundamental wave power and the generated SH power were measured and compared in the first place. In the initial trial, the drive current of the seed laser was fixed at 150 mA corresponding to an output power of 29.5 mW at 1529.19 nm. Despite that higher pump power for the third EDFA stage was available, its maximal value was set at 12 W so as to clamp the peak power of the amplified fundamental wave ensuring the long-term stability. The pulse width of the fundamental wave was gradually reduced to 380 ns with steeper leading edge when its output power was increased steadily to its maximum. We attribute this to the gain saturation effect in the cladding-pumped stages of the EDFA chain. The optimal working temperature in terms of the highest doubling efficiency was calculated to be 114
• C and eventually confirmed to be 126.1
• C during experiment. The slight difference in temperature was attributed to the uncertainty in applicability of the Sellmeier equation [15] . Fig. 3 plots the SH power and conversion efficiency with respect to the incident fundamental wave power. The highest output power of 209 mW was recorded under the fundamental wave power of 610 mW with calculated conversion efficiency of ∼34%. In addition, even at the highest available pump power, the peak power was only 140 W, as shown in the left top inset of Fig. 3 . In spite of the low peak power, which was within a rather safe SBS-free regime, the doubling efficiency was still high enough to produce sufficient laser emission near 765 nm for oxygen A-band spectroscopy. The spectra of the fundamental and SH waves at their highest output power were measured by an optical spectrum analyzer (AQ6370D, Yokogawa) and were depicted in the right bottom inset of Fig. 3 . The ASE signal around 1535 nm was more than 25 dB lower than the major peak and no side mode could be observed in the SH wave indicating good performance of the laser source. Even higher signal-to-ASE ratio could be expected if the repetition rate was increased to deplete the population inversion of erbium ions more frequently at the cost of slightly lower doubling efficiency.
The power stability of the SH wave was measured under 95% of the highest pump power in one hour, as demonstrated in Fig. 4 . A standard deviation of 0.98 mW was recorded at the average power of 194.92 mW in the duration. The small fluctuation in average SH power was mainly attributed to the drifts in the fundamental wave power and the crystal temperature. The measured M 2 factors of the SH wave were 1.54 and 1.56 for horizontal and vertical axes, respectively, as shown in the inset of Fig. 4 . Both excellent power stability and good beam quality were advantageous to long-term remote sensing applications.
Apart from these, the linewidth is another crucial parameter in spectroscopy. Fig. 5 illustrates the 200 times averaged heterodyne signal with resolution bandwidth (RBW) and video bandwidth (VBW) of 1 kHz measured by a signal and spectrum analyzer (FSV-30, Rohde & Schwarz). The measured 3-dB linewidth of the amplified fundamental wave was ∼4.03 MHz, nearly quadrupled with respect to that of the continuous-wave seed. This value for the AOM-modulated seed was ∼3.82 MHz, indicating that the self-phase modulation barely took effect under such modest peak power and the linewidth broadening was mainly owing to the pulse distortion during amplification. We didn't measure the linewidth of the SH wave for the lack of related instruments in this band. However, it could be deduced from the linewidth of the fundamental wave that the linewidth of the SH wave should be within the same order, which was adequate for precise oxygen A-band spectroscopy.
Since several crucial parameters, namely, the conversion efficiency, the power stability, the beam quality, and linewidth, have all been determined in the static measurement, the dynamic tests were carried out thereafter to confirm the wavelength tunability of the system. The wavelength of the fundamental beam was tuned by changing the drive current of the DFB seed ranging from 70 to 170 mA. Its wavelength was increased from 1529.03 to 1529.53 nm with average power growing from 12.6 to 33.7 mW during the ramp-up phase of the drive current. The measured fundamental wave power saw an upward trend until reached a plateau and then dropped in this process, as shown in Fig. 6 . The power variation curve was formed due to the combination of the DFB seed power, the gain spectrum of the EDFA, and the spectral profile of the ASE filter. In order to get a symmetrical power variation curve during wavelength tuning, different crystal temperatures were experimentally tested until an optimal value of 126.5
• C, slightly different from previous experiment, was found. In this scenario, the nonlinear crystal was perfectly phase matched near the central wavelength of the tuning range for the fundamental and SH waves. The phase matching condition would be slightly violated and the fundamental wave power would gradually decrease at the vicinity of the wavelength tuning range leading to the reduction in doubling efficiency. In spite of the efficiency reduction, minimal power difference could be obtained within the whole wavelength tuning range under such a working condition. The measured SH power under different DFB seed currents was depicted in Fig. 6 . The highest and lowest SH powers were 195 and 124 mW, respectively, within the whole wavelength tuning range. Thanks to the short crystal length expanding the acceptance bandwidth, the largest power difference of the SH wave was only ∼36%. Such a small power fluctuation is beneficial to getting high SNR in practical applications.
In order to verify the actual performance of our pulsed wavelength-agile laser source for oxygen A-band spectroscopy, preliminary spectral-temporal experiments based on a 0.5-meter-long multipass oxygen gas cell with total path length of 20 m were performed. The transmitted testing signal and reference signal were measured by two identical photodiodes (PD1 and PD2) at the exit window of the gas cell and the sampling port of the BS before the gas cell, respectively. Fig. 7 illustrates the measured pulses in several ramp-up phases of the drive current for the DFB seed, in which the SH wavelength increased gradually from 764.51 to 764.76 nm covering two major absorption peaks of oxygen A-band. During the experiment, both pressure and oxygen concentration were varied so as to demonstrate the capability of measurement for pressure and oxygen mixing ratio. Typical measured pulse trains for pure oxygen at 1 atm and 2 atm, and for clean air (oxygen mixing ratio of ∼20.9%) at 1 atm were shown in Fig. 7(c) -(e), respectively. The reference pulse train for pure oxygen measurement at 1 atm with different time scales were also plotted in Fig. 7(a) and (b) . The retrieved transmittances within the tuning band were obtained by correct the pulse energy for each transmitted pulse with the help of its corresponding reference pulse, as shown in Fig. 7(f) . The calculated curves according to HITRAN 2012 database under the same working conditions were also depicted in the same panel for comparison.
It is known that both oxygen concentration and pressure have independent impacts on oxygen absorption coefficient while temperature has negligible effect in this wavelength band [16] . Therefore, both oxygen concentration and pressure could be derived from the measured transmittance curve in return. In terms of the oxygen concentration, its value can be calculated by simply differentiating the measured absorption coefficients at one of the peak and the adjacent valley in the oxygen A-band from the energy corrected transmitted pulses in the time domain. As for pressure, the oxygen absorption profiles could be fitted by Voigt profiles with pressure coefficients, from which the pressure of the oxygen-contained gas could be determined. Most importantly, thanks to the high pulse repetition rate (10 kHz) with respect to the wavelength tuning rate (10 Hz), a spectral resolution of ∼0.5 pm was achieved from the time domain. Even higher temporal-spectral resolution could be obtained as long as the pulse repetition rate was increased and/or the wavelength tuning rate was decreased. The resolution was only limited by the linewidth of the laser which was within the level of 10 MHz showing great potential of such a laser system for oxygen A-band related precise spectroscopy and remote sensing applications.
Conclusion
Briefly in summary, we have reported the development of a pulsed wavelength-agile laser near 765 nm for oxygen A-band spectroscopy. The laser was frequency doubled from a seeded EDFA using a piece of short MgO:PPLN crystal. The wavelength and pulse profile of the seed were modulated separately to form wavelength-agile pulse sequence. After amplification and frequency doubling, the maximum SH power of 209 mW was obtained with incident fundamental wave power of 610 mW and doubling efficiency of ∼34%. Power difference of only 36% was achieved when the SH wavelength was tuned from 764.51 to 764.76 nm, covering two major absorption peaks in oxygen A-band. The experimental results were mostly in good agreement with the theoretical calculations indicating its great potential for practical remote sensing applications for the oxygen concentration and atmospheric pressure. We believe that such a wavelength-agile laser source combining the merits of compactness, robustness, narrow linewidth, and good power flatness within the tuning range is of great interest to a wide community working on oxygen A-band spectroscopy.
